79
Contrasting effects of temperature on walleye suggest that lake-specific factors may 80 influence walleye populations and how they response to warming. For instance, lake size is 81 strongly related to walleye recruitment success (Nate et al. 2000) and the negative effect of water 82 temperature degree days on walleye recruitment success in Wisconsin does not appear to operate 83 in large lakes (Hansen et al. 2015a) . Lake productivity also plays a role in suitable walleye 84 habitat (Ryder 1977; Lester et al. 2004 ) and could influence the effects of temperature. operating at different scales (Soranno et al. 2014) . Such interactions can be understood using 96 hierarchical models (Wagner et al. 2016 ).
97
Here, we evaluate the influence of water temperature on annual walleye recruitment 98 success in Wisconsin lakes. Our objectives were to: (1) quantify lake-specific effects of annual 99 water temperature on walleye recruitment success; (2) identify how lake characteristics-D r a f t specifically largemouth bass relative abundance, lake area, conductivity, and average water D r a f t
We converted age-0 walleye catch rates into a qualitative measure representing 122 successful or failed recruitment for that lake-year. Based on Hansen et al. (2015a) quantified using surface water temperature degree days with a 5ºC base (Chezik et al. 2013 ).
138
Degree days are a measure of cumulative heat for the entire growing season and have been used 139 to explain variability in growth and life history for a variety of fishes, including walleye (e.g.,
140
Venturelli et al. 2010; Chezik et al. 2013; Lester et al. 2014 conductance, largemouth bass relative abundance, and lake-average degree days) on (1) the mean 195 probability of recruitment success for each lake (i.e., the lake-specific modeled intercept); and
196
(2) the lake-specific effect of annual water temperatures on annual recruitment success (i.e., the 197 lake-specific modeled slope). Level 2 of the hierarchical model:
Where y i = 1 if recruitment was successful, 0 otherwise, α ୨ is the intercept for lake j, β ୨ is 204 the slope for the j th lake of the effect of annually varying water temperature (degree days or zero) and the effect sizes were similar. However, by including all lakes we were able to use all 238 available data to characterize the effect of water temperature on walleye recruitment success.
239
To visualize how lake-specific probabilities of successful walleye recruitment have 240 changed over time, we estimated the predicted probabilities in each lake for each year from 1980 241 to 2014. We used lake-specific estimated annual water temperature degree days as level 1 model 242 inputs, and all other predictor variables (i.e., predictors at level-2 of the model) were held 243 constant at their lake-specific values. Lake-specific posterior distributions of the parameter 244 estimates were used to simulate lake-specific probabilities of recruitment for each observed 245 degree day value, and mean predicted probabilities across all parameter estimates were 246 calculated for each lake-year.
247

RESULTS
248
Initial models quantifying the influence of annual degree days and annual variability in 
256
The hierarchical logistic regression model explained a substantial proportion of variation 257 in walleye recruitment success (conditional R 2 =0.64). Across all lakes (i.e., the population-258 average effect), the effect of annual water temperature degree days was not important based on 259 the population-average slope ߛ ఉ 90% CI including zero (Table 2) . However, the population-260 average effect of annual water temperature degree days on the probability of successful walleye 261 recruitment was most likely negative (probability of a negative effect=74%; Table 2 ). The Lake characteristics influenced both the lake-specific average probability of successful 275 walleye recruitment and the lake-specific effect of annual degree days on annual walleye 276 recruitment success (Table 2 ). The average probability of successful walleye recruitment (i.e., 277 lake-specific intercept) increased with increasing lake surface area and with decreasing 278 largemouth bass relative abundance (Figure 2A and C). Average recruitment success also 279 increased somewhat with increasing conductivity (probability of a positive effect of conductivity 280 on average recruitment success = 0.81) and decreasing mean water temperature (probability of a 281 negative effect of mean degree days on average recruitment success = 0.93; Figure 2B and D),
282
but these effects were not distinguishable from zero based on 90% CIs overlapping zero (Table   283 2).
284
The effect of annual degree days on walleye recruitment success (i.e., lake-specific 285 slopes) was also influenced by lake characteristics. Largemouth bass catch rates negatively 286 influenced lake-specific slopes, with the strongest negative effects of annual water temperature 287 degree days in lakes with the highest largemouth bass abundance ( Figure 3C ). The influence of 288 water temperature degree days on walleye recruitment was also most likely to be negative in 289 smaller lakes, lakes with high conductivity, and lakes with higher mean degree days, with 290 probabilities of negative effects of 0.68, 0.94, and 0.82, respectively ( Figure 3A ,B,D), although 291 these effects were not distinguishable from zero based on 90% CIs overlapping zero (Table 2) .
292
Temporal trajectories of water temperature degree days from the 1980s to the 2010s 293 affected recruitment success differently among lakes. In some lakes, the probability of walleye 294 recruitment was predicted to have increased, while in others it was predicted to have decreased success, and the effects of lake-level covariates on the lake-specific mean probability of 615 recruitment success (intercepts) and effect of annual degree days on recruitment success (slopes).
616
Posterior means are provided followed by 90% credible intervals (CIs) in parentheses (90% CIs 617 that do not overlap zero are shown in bold), and the probability that the effect is the direction of 618 the estimated posterior mean (positive or negative). Map of Wisconsin, USA showing the locations of the 359 lakes with walleye recruitment data for which we developed a hierarchical logistic regression model to predict the probability of successful walleye recruitment as a function of annual water temperature degree days (DD). Points are colored by the probability that the effect of DD on walleye recruitment is negative. The three panels show example lakes exemplifying positive (A), uncertain (B) and negative (C) observed relationships between of walleye recruitment success and DD. The 90% credible region for the relationship between DD and the probability of successful recruitment are also shown for each panel.
176x176mm (300 x 300 DPI) D r a f t
Relationship between lake-specific logit-scaled mean probability of recruitment success (intercepts) and lake area (A), conductivity (B), largemouth bass index of relative abundance (CPE = catch per unit effort) (C) and mean degree days (DD; D). Points are estimated posterior means and vertical lines are 90% credible intervals. Solid line is estimated hierarchical regression line, and shaded regions are 90% credible regions.
Relationship between lake-specific slope parameters describing the relationship between annual water temperature degree days (DD) and the probability of walleye recruitment success and lake area (A), conductivity (B), largemouth bass index of relative abundance (CPE = catch per unit effort) (C) and mean degree days (D). Points are estimated posterior means and vertical lines are 90% credible intervals. Solid line is estimated hierarchical regression line, and shaded region are 90% credible regions. Points are colored by the probability that the effect of DD on walleye recruitment is negative.
176x176mm (300 x 300 DPI) D r a f t Predicted probability (posterior means) of walleye recruitment success in Wisconsin lakes based on water temperature degree days in the 1980s (average from 1980-1989; beginning of arrows) to the 2010s (average from 2005-2014; end of arrows). Probability of walleye recruitment success was estimated based on lake-specific degree days and predicted by a hierarchical logistic regression model quantifying lakespecific relationships between annual degree days and walleye recruitment success. Water temperature degree days can affect probability of successful walleye recruitment negatively in some lakes (blue arrows) and positively in others (red arrows).
